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EBV cell-to-cell spreadWe previously reported that the Epstein–Barr virus (EBV) BMRF-2 protein plays an important role in EBV
infection of polarized oral epithelial cells by interacting with β1 and αv family integrins. Here we show that
infection of polarized oral epithelial cells with B27-BMRF-2low recombinant virus, expressing a low level of
BMRF-2, resulted in signiﬁcantly smaller plaques compared with infection by parental B95-8 virus. BMRF-2
localized in the trans-Golgi network (TGN) and basolateral sorting vesicles and was transported to the
basolateral membranes of polarized epithelial cells. Mutation of the tyrosine- and dileucine-containing
basolateral sorting signal, YLLV, in the cytoplasmic domain of BMRF-2 led to the failure of its accumulation in
the TGN and its basolateral transport. These data show that BMRF-2 may play an important role in promoting
the spread of EBV progeny virions through lateral membranes of oral epithelial cells.
© 2009 Elsevier Inc. All rights reserved.IntroductionEpstein–Barr virus (EBV), a member of the human herpesvirus
family, is the causative pathogen for infectious mononucleosis and is
associated with several neoplastic diseases, including Burkitt's
lymphoma, Hodgkins disease, and nasopharyngeal and gastric
carcinomas (Rickinson and Kieff, 2001). EBV has tropism for B-
lymphocytes and epithelial cells, where it causes latent and
productive infection, respectively (Kieff and Rickinson, 2001).
The oropharyngeal mucosal epithelium is an important target for
EBV infection, serving as a portal for viral entry in primary infection
and the main site of release of progeny virions into saliva, thereby
facilitating the spread of infectious virus within the human popula-
tion. Productive EBV infection of the oropharyngeal epithelium has
been shown in vivo (Greenspan and Greenspan, 1997; Greenspan
et al., 1987, 1985; Lemon et al., 1977; Niedobitek et al., 1991; Rickinson,
1984; Sixbey et al., 1984; Young et al., 1988), ex vivo (Pegtel et al.,
2004; Tugizov et al., 2007) and in vitro (Chang et al., 1999; Feederle
et al., 2007; Sixbey et al., 1983; Tugizov et al., 2003); however, the
molecular mechanisms of EBV spread within the oral epithelium are
not well understood.
The mechanisms of cell-to-cell spread of herpesviruses have been
well investigated for alpha-herpesviruses, which have neuro-epithe-
lial tropism and efﬁciently spread within neuronal and epithelial cell
populations. Cell-to-cell spread of herpes simplex virus (HSV),
varicella-zoster virus (VZV) and pseudorabies virus (PRV) occursan Francisco, Department of
ov).
ll rights reserved.across the lateral junctions of epithelial cells, and a complex of two
viral glycoproteins, gE and gI, plays a key role in this process (Alconada
et al., 1998a, 1998b; Balan et al., 1994; Brack et al., 2000; Dingwell
et al., 1994; Dingwell and Johnson,1998; Johnson et al., 2001). The gE/
gI complex ﬁrst accumulates in the trans-Golgi network (TGN) and is
then delivered to the cell junction area by basolateral sorting vesicles
(Farnsworth and Johnson, 2006; Johnson et al., 2001; McMillan and
Johnson, 2001). The TGN localization and basolateral transport of gE/
gI are facilitated by the interaction of clathrin adaptor complexes (eg.,
AP1, AP2, AP3 and AP4)with speciﬁc sorting signals in the cytoplasmic
domains of these glycoproteins that contain tyrosine (YXXØ, where X
is any amino acid and Ø is larger hydrophobic amino acid) and
dileucine motifs and a cluster of acidic amino acids (Alconada et al.,
1998a, 1998b, 1996; Dell'Angelica et al., 1999; Folsch, 2005; Folsch et
al., 1999, 2003, 2001; Ohno et al., 1995, 1999; Renold et al., 2000;
Simmen et al., 2002; Tirabassi and Enquist, 1998, 1999). The
basolateral sorting signal of gE/gI leads to the accumulation of
nascent virions at cell junctions and their spread via neighboring
membranes (Farnsworth and Johnson, 2006; Johnson et al., 2001;
McMillan and Johnson, 2001; Polcicova et al., 2005).
EBV and other gamma-herpesviruses lack genetic homologues of
alpha-herpesvirus gE and gI; however, recent work on murine
gamma-herpesvirus-68 (MHV-68) has shown that the MHV-68
glycoproteins gp48 and ORF58 play critical roles in cell-to-cell spread
of virus (May et al., 2005a, 2005b). ORF58 forms a complex with gp48,
facilitating its transport to the plasma membrane. The gp48/ORF58
protein complex induces plasma membrane projections that lead to
the formation of intercellular contacts between infected and unin-
fected cells, enabling cell-to-cell spread of progeny virions (Gill et al.,
2008). gp48 and ORF58 homologues are present in other gamma-
Fig.1. Cell-to-cell spread of B95-8 and B27-BMRF-2low virus within the polarized tongue
and tonsil epithelial cells. (A) Polarized tongue TNG#1 cells were infected with B95-8
(upper panels) or B27-BMRF-2low virus (lower panel), and after 3 weeks they were
ﬁxed and immunostained using anti-gp350/250 antibodies (red). Green in the lower
panels indicates GFP expression by the BMRF-2 knockout virus. Yellow in the merged
lower panel represents colocalization of GFP and gp350/220. Nuclei were counter-
stained in blue. (B) Polarized tongue and tonsil cells were infected with B95-8 or B27-
BMRF-2low viruses, and after 3 weeks cells were analyzed for virus spread. Cell-to-cell
spread of viruses was quantitatively evaluated by counting of EBV-infected cells in
B95-8- and B27-BMRF-2low-infected plaques. EBV B95-8-infected plaques were
detected by gp350/220-positive cells. B27-BMRF-2low-infected plaques were identiﬁed
by colocalization of the GFP signal with gp350/220. Results are represented as the
average number of EBV-infected cells per plaque. Error bars indicate s.e.m. (n= 5).
Similar results were obtained in three independent experiments.
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and BMRF-2 proteins. It has recently been shown that EBV BDLF-2 and
BMRF-2 also form a protein complex and that BMRF-2 facilitates the
translocation of BDLF-2 to the cell surface (Gore and Hutt-Fletcher,
2009).
BMRF-2 is a transmembrane glycoprotein, and its major extra-
cellular loop contains an Arg-Gly-Asp (RGD) motif, which interacts
with the β1 and αv family integrins of oral epithelial cells (Xiao et al.,
2007). The BMRF-2-integrin interaction facilitates EBV infection of
polarized oral epithelial cells through their basolateral membranes
(Tugizov et al., 2003; Xiao et al., 2008). BMRF-2 is highly expressed in
a benign lesion of the oral epithelium known as hairy leukoplakia (HL)
(Xiao et al., 2007), which occurs primarily in persons with HIV-
associated immunodeﬁciency (Greenspan and Greenspan, 1997;
Greenspan et al., 1987, 1985). BMRF-2 is transported to the basolateral
membranes of both HL epithelial cells and EBV-infected polarized oral
epithelial cells (Tugizov et al., 2003; Xiao et al., 2007). The cytoplasmic
tail of BMRF-2 contains a potential basolateral sorting signal with the
sequence YLLV (aa 349–352), which includes both tyrosine and
dileucine.
In this study we have investigated the role of EBV BMRF-2 in cell-
to-cell spread of progeny virions in oral epithelial cells. We found that
cell-to-cell spread of a recombinant EBV B27-BMRF-2low, which
expresses a low level of BMRF-2, is substantially reduced in
comparison to that of parental EBV B95-8 virus. BMRF-2 was found
to accumulate in the TGN and to be transported to the basolateral
membranes through interaction with the μ subunits of the AP-4
basolateral sorting determinant. Mutation of the YLLV motif in the
BMRF-2 cytoplasmic domain abolished BMRF-2 accumulation in the
TGN, its colocalization with AP4-associated vesicles and its transport
to basolateral membranes of epithelial cells. These results suggest that
EBV BMRF-2 may play an important role in sorting of intracellular
progeny virions to the basolateral membranes of epithelial cells and
spread of virus from infected to uninfected cells via their lateral
membranes.
Results
The BMRF-2 protein may play an important role in efﬁcient cell-to-cell
spread of EBV in polarized oral epithelial cells
Previously we showed that EBV cell-to-cell spread may occur in
polarized oral epithelial cells (Tugizov et al., 2003) and that BMRF-2
was transported to the basolateral membranes of HL and EBV-infected
polarized oral epithelial cells (Xiao et al., 2007), suggesting that
BMRF-2 may be involved in EBV spread within the oral epithelium. To
determine the role of BMRF-2 in cell-to-cell spread of viral progeny,
we used recombinant B27-BMRF-2low virus, which expresses only a
low level of BMRF-2 protein (Xiao et al., 2008). To examine the
susceptibility of polarized tongue and tonsil epithelial cells to EBV
infection, cells were infected with parental B95-8 and recombinant
B27-BMRF-2low virus. Polarized cells were infected from their
basolateral membranes at 100 virions/cell and analyzed at 3 days
post-infection. Confocal immunoﬂuorescence analysis of gp350/220
expression (data not shown) in two tongue and three tonsil epithelial
cell lines infectedwith B95-8 showed that 8–12% of cells were infected
with EBV. In contrast, only 2–3% of tongue and tonsil cells infected
with B27-BMRF-2low were positive for gp350/220, indicating that the
number of cells infected with virus expression low level of BMRF-2
was 4–5 fold lower than that of cells infected with parental B95-8
virus.
To determine the role of BMRF-2 in cell-to-cell spread of virus,
polarized tongue and tonsil epithelial cells were infected with B95-8
and B27-BMRF-2low viruses at 0.3 virion/cell, resulting in infection of
approximately 100 and 25 infected cells per Transwell insert (about
2×105 cells), respectively. Plaque development was evaluated ininfected cells maintained for 3 weeks. To detect plaques generated by
parental B95-8 virus, infected cells were immunostained for gp350/
220 (Fig. 1A, upper panels). The average size of parental B95-8-
generated gp350/220-positive plaques was about 35 cells. The
plaques generated by B27-BMRF-2low virus were identiﬁed by
gp350/220 staining and detection of GFP (Fig. 1A, lower panels),
which is expressed only by the BMRF-2 knockout B27-BMRF-2low
virus (Xiao et al., 2008). The average size of gp350/220- and GFP-
positive B27-BMRF-2low virus-generated plaques was about 6 cells
(Fig. 1B), which was about 6-fold smaller then those generated by
parental B95-8 virus. We did not observe signiﬁcant variation in the
size of plaques generated by B95-8 and B27-BMRF-2low viruses among
tongue and tonsil cells derived from different donors.
We previously reported that the recombinant B27-BMRF-2low viral
population consists of about 85–90% BMRF-2 knockout recombinant
viral episomes and 10–15% parental B95-8 viral episomes, which may
lead to the generation of two viral subpopulations (Xiao et al., 2008).
Therefore, we expected that some B95-8 virus-generated BMRF-2-
positive larger plaques would appear in the epithelial cells infected
with B27-BMRF-2low virus. To distinguish between the two types of
plaque, we examined BMRF-2 expression in B27-BMRF-2low-infected
cells by immunoﬂuorescence assay using a rat anti-BMRF-2 serum.
We found that the small, GFP-positive plaques (≈ 6 cells per plaque)
Fig. 2. Analysis of cell-to-cell spread of B27-BMRF-2low virus. Polarized tongue epithelial cells (TNG#1) were infected with B27-BMRF-2low virus from their basolateral membranes,
and after 3weeks, cells were ﬁxed and analyzed for plaque development. (A) Cells were immunostainedwith rat anti-BMRF-2 antibody (red). Cell nuclei were counterstained in blue.
Green in upper panels indicates B27-BMRF-2low virus-infected cells. (B) Cells were immunostained with rat anti-BMRF-2 (red) and mouse anti-gp350/220 (blue) antibodies. Green
GFP signal indicates B27-BMRF-2low virus-infected cells. White arrow shows BMRF-2-negative, gp350-positive and GFP-positive small plaque. Red arrow shows a BMRF-2-positive,
gp350-positive and GFP-negative large plaque.
Fig. 3. Expression of the wt BMRF-2 and its tyrosine and dileucine mutants in oral
epithelial cells. (A) Site-speciﬁc mutagenesis of the BMRF-2 cytoplasmic sorting motif
YLLV (in bold) with substitution of tyrosine349 with alanine (BMRF-2Y-A) and the
dileucine350–351 with glycines (BMRF-2LL–GG. (B) Western blot analysis of wt and
mutant BMRF-2 proteins in HSC-BMRF-2wt, HSC-BMRF-2Y-A and HSC-BMRF-2LL–GG cells.
Membrane fractions were separated on urea-SDS PAGE gels and transferred to
nitrocellulose membranes. BMRF-2 protein was detected using rat anti-BMRF-2 serum.
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GFP-negative plaques (≈30 cells per plaque) were strongly positive
for BMRF-2 (Fig. 2A, lower panel). These data also were conﬁrmed by
co-immunostaining of B27-BMRF-2low-infected cells for BMRF-2 (red)
and gp350/220 (blue) (Fig. 2B). Confocal analysis showed that GFP-
positive small plaques were negative for BMRF-2 and strongly positive
for gp350/220 (Fig. 2B, white arrow) and that GFP-negative large
plaques were positive for BMRF-2 and gp350/220 (Fig. 2B, red arrow).
These results indicate that GFP-positive and BMRF-2-negative small
plaques were generated by BMRF-2 knockout virions and that GFP-
negative and BMRF-2-positive large plaques were infected by parental
B95-8 virus. Absence of BMRF-2 expression in GFP-positive small
plaques suggests that this protein plays a key role in plague
development, i.e., it may facilitate cell-to-cell spread of EBV in
polarized oral epithelial cells.
The cytoplasmic tyrosine/dileucine (YLLV) motif of BMRF-2 is essential
for its surface transport in oral epithelial cells
Data from the above experiments suggest that EBV BMRF-2 may
play a critical role in cell-to-cell spread of virus in polarized oral
epithelial cells. Our previous work showed that in EBV-infected
polarized oral epithelial cells, BMRF-2 was transported to the
basolateral membranes (Xiao et al., 2007), consistent with its role in
facilitating the spread of progeny virions via the lateral membranes of
epithelial cells. Analysis of the BMRF-2 amino acid sequence revealed
that amino acids 349 and 352 in its cytoplasmic tail constitute a
tyrosine/dileucine YLLV motif (Fig. 3A), which may serve as a
tyrosine/dileucine-based basolateral sorting signal in polarized
epithelial cells. To determine the role of this potential sorting signal
in BMRF-2 basolateral transport, we created site-speciﬁc mutants
lacking the Y349 or LL350–351 amino acids. To disrupt the function this
motif, we replaced Y349 with A349 (BMRF-2Y–A), and LL350–351 with
GG350–351 (BMRF-2LL–GG) (Fig. 3A). To study the functional role of
thesemutations in BMRF-2 transport we generated HSC-3sort cell linesconstitutively expressing GFP-taggedwt andmutant BMRF-2 proteins,
designated HSC-BMRF-2wt, HSC-BMRF-2Y-A and HSC-BMRF-2LL–GG,
respectively. Expression of wt and mutant BMRF-2 proteins in these
cell lines was conﬁrmed by Western blot assay (Fig. 3B).
To determine whether the Y349 or LL350–351 residues in the YLLV
motif are involved in BMRF-2 protein transport to the cell surface, we
performed ﬂow cytometry analysis of the HSC-BMRF-2WT, HSC-BMRF-
Fig. 4. Flow cytometry analysis of cell surface expression of wt and mutant BMRF-2 proteins in non-polarized HSC-3 oral epithelial cells. HSC-BMRF-2wt, HSC-BMRF-2Y-A and HSC-
BMRF-2LL–GG cell lines expressing wt BMRF-2 and its tyrosine and dileucine mutants were grown under non-polarizing conditions and dissociatedwith enzyme-free cell-dissociation
buffer. Expression of BMRF-2 on the cell surface was examined by ﬂow cytometry in HSC-BMRF-2wt (left panel), HSC-BMRF-2Y-A (middle panel), and HSC-BMRF-2LL–GG (right panel)
cell lines using rat anti-BMRF-2 serum. Surface expression of BMRF-2Y-A and BMRF-2LL–GG mutant proteins were compared with wt BMRF-2 by superimposing the histograms for the
HSC-BMRF-2Y-A and HSC-BMRF-2LL–GG cell lines on the histogram for HSC-BMRF-2wt cells. MN, mean ﬂuorescence intensity.
Fig. 5. Analysis of BMRF-2 protein on the surface of polarized cells using a domain-
selective surface labeling assay. HSC-BMRF-2wt, HSC-BMRF-2Y-A and HSC-BMRF-2LL–GG
cell lines were grown under polarized conditions and their apical or basolateral surfaces
were independently labeled with sulfo-NHS-LC-biotin. Cell extracts were made,
biotinylated proteins were precipitated with streptavidin-agarose beads and equal
amounts of total protein were separated by urea-SDS PAGE gel electrophoresis. BMRF-2
protein was detected using rat anti-BMRF-2 serum. The amounts of wt and mutant
BMRF-2 proteins were measured by determining themean pixel densities of the protein
bands, as indicated in the bar graphs under each protein.
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2 protein was found to be highly expressed on the cell surface of HSC-
BMRF-2wt cells; however, the surface transport of BMRF-2Y-A and
BMRF-2LL–GG mutant proteins was decreased by approximately 75%
and 60%, respectively. These data clearly indicate that substitution of
the tyrosine and dileucine residues in the YLLV motif substantially
reduces the transport of BMRF-2 to the cell surface of non-polarized
oral epithelial cells.
Basolateral transport of BMRF-2 is mediated by its tyrosine/dileucine
(YLLV) sorting signals
To determine the role of the BMRF-2 cytoplasmic tyrosine/
dileucine-containing YLLV motif in its basolateral sorting in polarized
epithelial cells, we grew the HSC-BMRF-2WT, HSC-BMRF-2Y-A andHSC-
BMRF-2LL–GG cell lines under polarizing conditions. Expression of wt
andmutant BMRF-2 proteins on the apical and basolateral membranes
of epithelial cells was examined by a domain-speciﬁc labeling assay. In
the HSC-BMRF-2WT cell line about 10% of BMRF-2 was detected on the
apical surface of the polarized cells, with the vast majority (about 90%)
being detected on the basolateralmembranes (Fig. 5). Domain-speciﬁc
labeling of polarized HSC-BMRF-2Y-A and HSC-BMRF-2LL–GG cells
showed that both BMRF-2Y-A and BMRF-2LL–GG mutant proteins were
present in both the apical and basolateral membranes at low levels,
indicating non-polarized transport of these mutant proteins.
To conﬁrm the ﬁnding that only the wt protein undergoes
signiﬁcant basolateral transport, we immunostained polarized HSC-
BMRF-2WT, HSC-BMRF-2Y-A and HSC-BMRF-2LL–GG cells with a mouse
mAb to pan-cadherin, a marker of the basolateral membranes of
epithelial cells (Fig. 6). BMRF-2 expressionwas evaluated by detection
of GFP. The development of a yellow signal in merge panels of both
horizontal and vertical planes indicates the colocalization of BMRF-2
(green GFP signal) and pan-cadherin, immunolabeled with a red
ﬂuorescence signal. We found that only wt BMRF-2 colocalized with
the pan-cadherin (Fig. 6A). In contrast, the tyrosine (Fig. 6B) and
dileucine mutants (Fig. 6C) did not colocalize with the basolateral
marker. Together, these experiments show that mutation of either
Y349 or LL350–351 disrupts BMRF-2 transport to the basolateral
membranes of polarized oral epithelial cells.
The BMRF-2 tyrosine/dileucine (YLLV) sorting signal mediates BMRF-2
accumulation in the TGN and the basolateral sorting compartment
Tyrosine/dileucine-mediated basolateral transport of cellular and
viral membrane proteins has been shown to occur through the TGNand basolateral endosomic sorting compartments (Bonifacino et al.,
1996; Bonifacino and Traub, 2003). To determinewhether the BMRF-2
tyrosine/dileucine (YLLV) motif mediates BMRF-2 transport via the
same pathway, we ﬁrst examined localization of wt BMRF-2 and its
tyrosine and dileucinemutants in the Golgi by co-staining of polarized
HSC-BMRF-2WT, HSC-BMRF-2Y-A and HSC-BMRF-2LL–GG cells with the
Golgi marker Rhodamine-Lens Culinaris Agglutinin. These data
showed that wt BMRF-2 (Fig. 7, upper panel) and the mutant proteins
lacking tyrosine (Fig. 7, lower panel) and dileucine (data not shown)
motifs all colocalized with the Golgi marker. Next, we co-immunos-
tained the polarized HSC-BMRF-2WT, HSC-BMRF-2Y-A (Fig. 8) andHSC-
BMRF-2LL–GG (data not shown) cell lines with antibodies toTGN46 and
AP-4 μ, which are markers for the TGN and basolateral sorting
endosomes, respectively (Aguilar et al., 2001; Bonifacino et al., 1996;
Bonifacino and Traub, 2003). Confocal microscopy revealed that wt
BMRF-2 protein was strongly colocalized with both TGN46 (Fig. 8A,
Fig. 6. Confocal microscopy analysis of basolateral membrane transport of the wt and
mutant BMRF-2 proteins. Polarized HSC-BMRF-2wt(A), HSC-BMRF-2Y-A (B) and HSC-
BMRF-2LL–GG (C) cell lines were immunostained for pan-cadherin and analyzed by
confocal microscopy by x–y horizontal and x–z vertical planes. Nuclei were counter-
stained in blue. Yellow in the merged panel indicates colocalization of BMRF-2-GFP
(green) and pan-cadherin (red) on the basolateral cell surface.
Fig. 8. Accumulation of BMRF-2 in the TGN and in the basolateral sorting vesicles of
polarized HSC-3 cells. Polarized HSC-BMRF-2wt and HSC-BMRF-2Y-A cell lines were
immunostained for TGN46 (A) and AP-4 μ (B), and colocalization of wt and mutant
BMRF-2 proteins with TGN46 and AP-4 μwas examined by confocal microscopy. Yellow
in the merged panel indicates colocalization of BMRF-2-GFP (green) and TGN46 or AP-
4 μ (red) proteins. Cell nuclei were counterstained in blue.
339J. Xiao et al. / Virology 388 (2009) 335–343upper panels) and AP-4 μ (Fig. 8B, upper panels), as indicated by the
yellow signal in the merged panels. These results demonstrate wt
BMRF-2 accumulation within the TGN and basolateral sorting
endosomal compartments. In contrast, tyrosine (Figs. 8A and B,
lower panels) and dileucine (data not shown) mutants of BMRF-2
only partially colocalized with TGN46 (Fig. 8A, lower panels) and AP-
4 μ (Fig. 8B, lower panels).Fig. 7. Localization of wt and mutant BMRF-2 proteins in the Golgi compartment.
Polarized HSC-BMRF-2wt and HSC-BMRF-2Y-A cell lines were ﬁxed and stained with the
Golgi marker Rhodamine-Lens Culinaris Agglutinin. BMRF-2 is shown in green
ﬂuorescence from a GFP fusion protein, and the Golgi marker is shown in red. Yellow
indicates colocalization of BMRF-2 with the Golgi marker.These ﬁndings indicate that BMRF-2 mutant proteins were
transported from the endoplasmic reticulum (ER) to the Golgi, but
did not enter signiﬁcantly into the TGN and basolateral sorting
compartments, which is consistent with a disruption of basolateral
transport of these mutant proteins in polarized HSC-3 cells (Figs.
6B and C). Our results show that the Y349 and LL350–351 residues in
the YLLV motif of BMRF-2 are critical for accumulation of BMRF-2
in the TGN and entry into the basolateral sorting vesicles that
mediate delivery to the basolateral membranes of oral epithelial
cells.
Lack of BMRF-2 sorting to the basolateral membranes of polarized cells
disrupts its interaction with integrins
We previously reported that wt BMRF-2 protein colocalizes with
β1 integrin at the basolateral membranes of EBV-infected, polarized
pharyngeal epithelial cells (Xiao et al., 2007). To conﬁrm this ﬁnding
in polarized cells expressing only the BMRF-2 protein in the absence of
other viral proteins, we examined colocalization of wt BMRF-2 and its
BMRF-2Y-A and BMRF-2LL–GG mutants with β1 and αv integrins.
Immunolocalization experiments using mAbs to β1 and αv integrins
were analyzed by laser confocal microscopy in both horizontal and
vertical planes (Fig. 9). We found that wt BMRF-2 colocalized with β1
(Fig. 9A) and αv (data not shown) integrins. In contrast, both BMRF-
2Y-A (Fig. 9B) and BMRF-2LL–GG (Fig. 9C) mutant proteins failed to
colocalize with β1 and αv (data not shown) integrins, demonstrating
Fig. 9. Confocal microscopy analysis of BMRF-2 interactionwith β1 integrin in polarized
oral epithelial cells. Polarized HSC-BMRF-2wt (A), HSC-BMRF-2Y-A (B) and HSC-BMRF-
2LL–GG (C) cells were immunostained for β1 integrin and then examined by confocal
microscopy. Images were obtained in both x–y horizontal and x–z vertical planes.
Yellow in the merged panel indicates colocalization of BMRF-2-GFP (green) and β1
integrin (red). Cell nuclei were counterstained in blue.
340 J. Xiao et al. / Virology 388 (2009) 335–343that basolateral transport of BMRF-2 is important for its interaction
with integrins.
Discussion
Accumulating evidence indicates that direct cell-to-cell transfer
within epithelial, neuronal and other tissues is an efﬁcient route for
viral movement from infected to uninfected cells (Sattentau, 2008). In
epithelial tissues viral spread occurs mainly at or near cell junctions,
where the membranes of adjacent cells are in close contact (Johnson
and Huber, 2002; Sattentau, 2008). The presence of viral receptors
within the cell-contact area facilitates the rapid spread of virus from
infected to uninfected cells. The presence of extensive cell junctions
(desmosomes and both tight and adherens junctions) may prevent
penetration of neutralizing antibodies into these cell-to-cell contact
areas and therefore protect the infectious virions from host immune
surveillance (Johnson and Huber, 2002; Sattentau, 2008).
Previously we reported that EBV infection of oral explants ex vivo
leads to the development of plaque-like foci that increase in size in a
time-dependent fashion (Tugizov et al., 2007), suggesting that EBV
dissemination within the oral epithelium may occur by direct spread
of progeny virions from infected to uninfected epithelial cells. Plaque
formation of EBV-infected epithelial cells in the presence of EBV-
neutralizing sera indicated that cell-to-cell spread of progeny virions
occurs within tightly connected lateral membranes, where antibody
accessibility is restricted (Tugizov et al., 2003).
Transport of BMRF-2 to the lateral membranes of HL epithelia and
EBV-infected, polarized oral epithelial cells (Xiao et al., 2007) suggests
that this protein plays an important role in cell-to-cell spread ofprogeny virions across the lateral membranes of epithelial cells.
Therefore, in this study we investigated the role of BMRF-2 in cell-to-
cell spread of EBV in primary oral epithelial cells, which are permissive
for lytic EBV infection (Feederle et al., 2007; Pegtel et al., 2004;
Tugizov et al., 2003; Xiao et al., 2007).
Analysis of plaque development in tongue and tonsil epithelia
infected with either the parental B95-8 EBV strain or the recombinant
B27-BMRF-2low strain revealed that the rate of cell-to-cell spread of
the mutant virus was substantially lower than that of the parental
virus. We previously reported that the B27-BMRF-2low viral popula-
tion consists predominantly of BMRF-2 knockout virions (85–90%)
(Xiao et al., 2008), although it also contains a small percentage of
parental virus. Therefore, it is possible that the presence of wt B95-8
virus in the B27-BMRF-2low viral populationmay lead to the formation
of plaques infected with both wt and BMRF-2 knockout viruses.
However, our plaque formation assay for B27-BMRF-2low virus was
initiated with about 25 infected cells within the polarized monolayer
(2×105 cells), which covers about 1 cm2 of ﬁlter insert. It is unlikely
that plaques infected with both the BMRF-2 knockout virus and the
parental B95-8 virus would occur at the low infection density used in
our experiments. Indeed, we were able to detect GFP-positive and
BMRF-2-negative small plaques in the B27-BMRF-2low virus-infected
epithelial cells, indicating that these plaques were generated by the
BMRF-2 knockout virus and not by the B95-8 parental virus.
Development of small BMRF-2 negative plaques (about 5–6 cells)
with BMRF-2 knockout virions is consistent with an important
functional role for BMRF-2 in the cell-to-cell spread of EBV.
We have shown that the interaction of BMRF-2 with β1 (α5β1 and
α3β1) and αv (αvβ3 and αvβ5) family integrins through its RGD
domain is important for EBV infection of polarized oral epithelial cells
(Tugizov et al., 2003; Xiao et al., 2008, 2007). EBV spread in the
presence of EBV-neutralizing sera may occur only via lateral
membranes of polarized epithelial cells, and given that integrins are
present in the lateral membranes (Henning et al., 1994; Marchisio et
al., 1991; Philp and Nachmias, 1987; Tugizov et al., 2003), the BMRF-2-
integrin interactionmight facilitate direct spread of viral progeny from
infected to adjacent, uninfected cells. Thus, the role of BMRF-2 in EBV
infection of oral epithelial cells may occur in two distinct stages. In the
ﬁrst stage, BMRF-2 binding to integrins at the basal membranes of
polarized cells promotes initial viral infection of polarized epithelial
cells. In the second stage, BMRF-2 interaction with integrins at the
lateral membranes of epithelial cells facilitates the spread of progeny
virions to adjacent, uninfected cells.
Herpes viruses acquire a ﬁnal envelope in the sorting compart-
ments of the TGN or the endosomes, where viral glycoproteins
accumulate (Brack et al., 2000; Browne et al., 1996; Farnsworth et al.,
2003, 2007; Gershon et al., 1994; Skepper et al., 2001; Turcotte et al.,
2005; Whiteley et al., 1999; Zhu et al., 1996). Viral glycoproteins
containing basolateral sorting signals may determine the sorting of
nascent virions from the TGN to the basolateral membranes of
epithelial cells. This model has been well established for alpha-
herpesvirus spread in polarized epithelial cells, where the basolateral
sorting signal of glycoproteins gE/gI plays a critical role in delivering
the progeny virions to the lateral membranes (Alconada et al., 1998a,
1998b; Balan et al., 1994; Brack et al., 2000; Dingwell et al., 1994;
Dingwell and Johnson, 1998; Farnsworth and Johnson, 2006; Johnson
et al., 2001; McMillan and Johnson, 2001; Polcicova et al., 2005).
Less is known about intracellular sorting of nascent EBV virions in
polarized epithelial cells. The identiﬁcation of tyrosine- and dileucine-
based basolateral sorting signals in the cytoplasmic tail of BMRF-2
suggests that this protein may be involved in lateral sorting of EBV
progeny virions in polarized epithelial cells. Mutation of both the
tyrosine anddileucine residues in the cytoplasmic YLLVmotif of BMRF-
2 did not reduce protein transport from the ER to the Golgi, but did
abolish its accumulation in the TGN and its entry into AP-4 μ-
containing vesicles, resulting in the impaired transport of BMRF-2 to
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that tyrosine- and dileucine-containing sorting signals may regulate
transport of proteins from the biosynthetic compartments of polarized
epithelial cells (ER/Golgi) to their TGN/endosomal sorting compart-
ments and basolateralmembranes (Aguilar et al., 2001; Hunziker et al.,
1991; Rajasekaran et al.,1994; Sevier et al., 2000). Basolateral sortingof
BMRF-2 in polarized oral epithelial cells is consistent with the reduced
cell-to-cell spread of the recombinant EBV B27-BMRF-2low virus that
contain a low level of BMRF-2. However, we cannot exclude
involvement in cell-to-cell spread by other EBV proteins such as
BDLF-2. It has been shown that BMRF-2 and BDLF-2 form a complex
and that BMRF-2 promotes the transport of BDLF-2 to the cell surface
(Gore and Hutt-Fletcher, 2009). BDLF-2 also contains a potential
tyrosine-containing YXXØ basolateral sorting signal in its C terminus,
and the BMRF-2/BDLF-2 complex may accumulate in the TGN and
subsequently be sorted to basolateral vesicles, facilitating delivery of
nascent virions to the lateral membranes of epithelial cells. Thus, our
data suggest that tyrosine- and dileucine-based basolateral sorting
signals in the cytoplasmic tail of BMRF-2 may direct TGN/endosomal
sorting vesicles containing nascent EBV virions to the basolateral
membranes. Subsequently, virions released into the intercellular space
interact with the integrins of neighboring cells via the BMRF-2 RGD
domain, promoting direct cell-to-cell spread of virus from infected to
uninfected cells.
Recently, it has been shown that the gamma-herpesvirus MHV-68
ORF58andgp42protein complexpromote cell-to-cell spreadofprogeny
virions by reorganizing the actin cytoskeleton and remodeling plasma
membranes (Gill et al., 2008), leading to the formation of intercellular
contacts. The role of gp42 was found to be critical in this process,
whereas ORF58 was found to function in facilitating gp42 transport to
the plasma membrane. EBV BDLF-2 and BMRF-2 are homologues of
MHV-68 gp42 and ORF58, respectively. Gill at al. further showed that
EBV BMRF-2/BDLF-1 may also induce this type of membrane remodel-
ing (Gill et al., 2008).Accordingly, it is possible that EBVBDLF-2/BMRF-2
proteins use additional, alternative mechanisms to facilitate EBV spread
that involve remodeling of plasma membranes, but this hypothesis
remains to be tested in an EBV permissive model system.
In summary, in this study we provide the ﬁrst evidence that, in
addition to its contribution to initial viral infection from basolateral
membranes, BMRF-2 may play an important role in facilitating the
spread of EBV progeny virions through lateral membranes of polarized
oral epithelial cells during productive infection. The tetrapeptide
sequence YLLV in the cytoplasmic domain of BMRF-2 serves as a
basolateral sorting signal for this protein, and BMRF-2 basolateral
transport may serve as important determinant for distribution of
progeny virions to the lateral membranes and their spread from
infected to uninfected cells.
Materials and methods
Cells and virus
To establish primary tongue and tonsil epithelial cell cultures, we
used tissues from 2 tongues (TNG#1, TNG#2) and 3 tonsils (TNSL#1,
TNSL#2, TNSL#3). Tongue biopsies were obtained from healthy
volunteers, aged 32 and 41, using 5-mm-diameter biopsy punches
(Department of Orofacial Sciences, UCSF). Tonsil tissues were
purchased from the National Disease Research Interchange Program
(Philadelphia, PA), from donors in the age range of 18–35 years.
Primary keratinocytes from tongue and tonsil tissues were isolated
and propagated according to published procedures (Maher et al.,
2005; Pegtel et al., 2004), with some modiﬁcations. The 1–2 mm
pieces of tongue and tonsil tissues were placed on Matrigel-coated
plates and cultured in KGM-2 medium (Clonetics) at 37 °C in a
humidiﬁed incubator containing 5% CO2. Approximately 2–3 weeks
later, keratinocyte outgrowths formed around the tissue explants.They were then trypsinized, expanded as a primary culture in KGM-2
medium and frozen after passage 3 or 4. The epithelial origin of tongue
and tonsil keratinocytes was conﬁrmed by detection of pankeratins
(using a cocktail of anti-keratin antibodies Ab-1 and Ab-2, Thermo
Scientiﬁc). PCR analysis using EBV BZLF-1-speciﬁc primers (Xiao et al.,
2008) showed that none of these cells contained EBV DNA, indicating
that they were not infected with EBV in vivo.
Polarized cells were established in 12-mm-diameter, 0.45-μm pore
size, polycarbonate membrane Transwell inserts (Costar Corp., Cam-
bridge, Massachusetts), as described in our previous work (Tugizov et
al., 1996, 1998, 2003). Development of epithelial cell polarity was
conﬁrmed by detection of the tight junction protein occludin and
measurement of transepithelial resistance. Only fully polarized cells
were used for the experiments.
The B95-8 EBV-producing marmoset B-lymphoblastoid cell line
was maintained in RPMI 1640 medium, supplemented with 10% fetal
calf serum. Recombinant EBV B27-BMRF-2low, which expresses a low
level of the BMRF-2 protein, was constructed in our laboratory by a
homologous recombination method (Xiao et al., 2008). To disrupt
expression of the BMRF-2 gene we used a PCR-generated DNA
fragment containing green ﬂuorescent protein (GFP) and neomycin/
kanamycin (NK) resistance (aminoglycoside phosphotransferase)
expression cassettes, and infection of B-lymphoblastoid cells and
polarized oral epithelial cells with B27-BMRF-2low virus was designed
to generate a green signal. EBV replication was induced in B95-8 and
B27-BMRF-2low cells by adding 30 ng/ml 12-O-tetradecanoyl phorbol-
13 acetate (PMA) and 4 mM butyric acid (both from Sigma) to the
growth media for 10 days. Virus-containing media were cleared of cell
debris by centrifugation at 5000 g for 15 min followed by ﬁltration of
the supernatant ﬁrst through 0.8-μm pore-size ﬁlters and then
through 0.45-μm pore-size ﬁlters (Millipore). Virus was then
concentrated using Amicon Ultra-100 centrifugal ﬁlter devices
(Millipore) and the viral titer was determined by quantitative real-
time PCR as described in our previous work (Xiao et al., 2008, 2007).
EBV cell-to-cell spread in polarized tongue and tonsil epithelial cells
To examine cell-to-cell spread of virus between polarized epithelial
cells a viral plaque assay was used (Tugizov et al., 2003). Cells were
infected with B95-8 and B27-BMRF-2low viruses at 0.3 virion/cell from
the basolateralmembrane. After 72 h, the culturemediumwas replaced
with a medium containing a pool of EBV-neutralizing human sera at a
dilution 1:100 in both the upper and lower chambers. This medium
neutralizes released virions and therefore allows examination of cell-to-
cell spread of viral progeny. The medium containing EBV-neutralizing
human sera was replaced with fresh medium containing anti-EBV sera
every 3–4 days until the experiment was completed. At 21 days post-
infection, cells were ﬁxed with 3% paraformaldehyde in PBS and
immunostained withmAb against EBV gp350/220. Cells were analyzed
by laser confocal microscopy using the Bio-Rad MRC2400. EBV spread
was evaluated by quantitative analysis of foci or plaque formation
(Tugizov et al., 2003). Foci containing 5 or more infected cells were
considered plaques. B95-8-infected plaques were examined by gp350/
220 immunostaining. B27-BMRF-2low-infected plaques were analyzed
by immunostaining of gp350/220 (red) and presence of a GFP signal
that generated only by BMRF-2 knockout virus, and only those positive
for both were accepted as B27-BMRF-2low-generated plaques. The B27-
BMRF-2low virus-generated plaques also were conﬁrmed by immunos-
taining of cells with anti-BMRF-2 antibody, and negative BMRF-2
expression showed B27-BMRF-2low-infected plaques.
Site-directed mutagenesis of the BMRF-2 protein and expression of the
WT and mutant BMRF-2 proteins in HSC-3sort cells
Cloning of the BMRF-2 gene and expression of the BMRF-2 protein
in HSC-3sort cells were described previously (Xiao et al., 2007). Site-
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the QuikChange Site-DirectedMutagenesis Kit (Stratagene, San Diego,
California) according to the protocols provided by the manufacturer.
All mutagenic primers were synthesized by Invitrogen (Carlsbad,
California). Primers for changing Y349 to A349: bmrf2-349Y2A5
(forward primer)=5′tttactttttgtgaagctctgttggtgacattc3′ and bmrf2-
349Y2A3 (reverse primer)=aaatgtcaccaacagagcttcacaaaaagtaaag.
Primers to replace LL350–351 with GG350–351:bmrf2-diLeu-m-5 (for-
ward primer)=gtctttactttttgtgaatatggtggcgtgacattcattaaatc and
bmrf2-diLeu-m-3 (reverse primer)=gatttaatgaatgtcacgccaccatattca-
caaaaagtaaagac. Correct substitutions were conﬁrmed by DNA
sequencing and the BMRF-2 mutants were designated BMRF-2Y-A
and BMRF-2LL–GG for substitution of Y349 and LL350–351 respectively.
BMRF-2 WT or mutant constructs tagged with green ﬂuorescent
protein (GFP) were used to establish HSC-3sort cell lines constitutively
expressing BMRF-2 wt or mutant proteins by using ProPak A.52
retroviral expression system as described previously (Xiao et al.,
2007). Clones expressing high levels of BMRF-2 were selected in
growth medium containing Geneticin (G418, 500 μg/ml).
Western blot assay
Membrane protein extraction of HSC-3sort cells expressing wt and
mutant BMRF-2 proteinswas performed as previously described (Xiao
et al., 2007). Brieﬂy, membrane fractions were solubilized in urea
sample buffer (7 M urea, 2 M thioreurea, 1% TX100, 1% DTT, 4% chaps,
and 10 mM Tris, pH 9.5) at room temperature for 1 h. Before loading,
samples were mixed with one-tenth volume of 1 M DTT and
denatured at 70 °C for 10 min. Proteins were then separated on 7 M
urea-SDS PAGE gels and transferred to nitrocellulose membrane
(Amersham). The BMRF-2 proteinwas detected using rat anti-BMRF-2
serum generated in our laboratory (Tugizov et al., 2003) and the ECL
detection kit (Roche).
Confocal immunoﬂuorescence microscopy assay
For immunoﬂuorescence assays cells were washed with phos-
phate-buffered saline (PBS, pH 7.2), ﬁxed with 4% paraformaldehyde
and 2% sucrose in PBS for 5 min, and then permeabilized with 0.01%
Triton X-100 in 4% paraformaldehyde for 5 min. The EBV BMRF-2 and
gp350/220 proteins were detected with rat anti-BMRF-2 serum
(Tugizov et al., 2003) and mouse anti-gp350/220 monoclonal
antibodies (ABI), respectively.
For colocalization of BMRF-2 with markers of TGN46 and the μ
subunit of AP-4, ﬁxed and permeabilized infected cells were
immunostained with mouse monoclonal antibodies (mAb) to
TGN46 (Abcam Inc) and goat antibodies to AP-4 μ (Santa Cruz,
Biotech Inc). For colocalization of BMRF-2 with cadherin and integrin,
cells were stained with rabbit antibodies to pan-cadherin (Abcam)
and mAb's to β1 and αv integrin (Chemicon). BMRF-2 localization in
the Golgi was examined by staining of BMRF-2-expressing polarized
cells with Rhodamine-Lens Culinaris Agglutinin (Vector Laboratories).
In these colocalization experiments BMRF-2 was detected by its GFP
signal and the other proteins were revealed using the secondary
antibodies conjugated to tetramethyl rhodamine isothiocyanate
(TRITC) or Cy5, purchased from Jackson ImmunoResearch Labora-
tories (West Grove, Pennsylvania). In all immunostaining experi-
ments, cell nuclei were counterstained with TO-PRO-3 (blue)
(Molecular Probes).
Flow cytometry assays
Expression of wt andmutant BMRF-2 proteins on the cell surface of
HSC-3sort cell lines was determined by ﬂow cytometry using rat anti-
BMRF-2 serum (1:50). Cells were dissociated with enzyme-free cell-
dissociation buffer (Invitrogen), washed with cold PBS and incubatedwith primary antibodies in PBS containing 1% bovine serum albumin
(BSA) for 1 h on ice. Cells were then washed in cold PBS and reacted
with phycoerythrin-labeled goat-anti-rat antibodies for 30min at 4 °C.
Cells were analyzed using a ﬂuorescence-activated cell sorting (FACS)
cytometer (Becton-Dickinson and Company, San Jose, California).
Domain-selective cell surface labeling assay
Polarized cells expressing wt and mutant BMRF-2 proteins were
propagated in 24-mm-diameter, 0.45-μm pore size, polycarbonate
membrane Transwell ﬁlters (Costar), and cells were labeled with
200 μg/ml sulfo-NHS-LC-biotin (Pierce) from apical or basolateral
membranes for 30 min as described (Tugizov et al., 2003). Cells were
washed, cell extracts were made, and biotinylated proteins were
precipitated with streptavidin-agarose beads (Pierce), followed by
separation on 7 M urea-SDS PAGE gel and transfer to nitrocellulose
membranes (Amersham). The BMRF-2 protein was detected using rat
anti-BMRF-2.
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